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Abstract
Ca12Al14O33 [C12A7] is a ceramic material consisting of a positively charged cage-like
framework. Occluded anions occupy one out of every six cages to charge balance the system.
This gives the material high ion mobility and the potential for ion storage. The highly functional
nature of the material raises questions about isostructural materials and their potential
properties. The existence of an analogous C12G7 phase that substitutes Ga on the Al sites has
been theorized due to the similarity of the CaO-Al2O3 and CaO-Ga2O3 systems including several
isostructural compounds. However, attempts to synthesize C12G7 through single solid-state
techniques has only resulted in formation of the C5G3 phase. In this study, wet chemistry
techniques were attempted to synthesize C12G7. The C12G7 structure was successfully
identified using powder X-ray diffraction and analyzed using the Rietveld method. Non-ambient
x-ray diffraction was used to better understand the formation process. Neutron diffraction was
used to verify the results of X-ray diffraction, and better understand the occluded species in the
cage.
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1 BACKGROUND
Ca12Ga14O33 (C12G7) is an isostructural compound of Ca12Al14O33 (C12A7). The existence
of C12G7 has been theorized due to the similarity of the CaO-Al2O3 [1] and CaO-Ga2O3 [2]
binary phase diagrams, Figures 1 and 2, respectively, and existence of isostructural compounds
from the two systems including Ca5X6O14 (C5X3) and CaX4O7 (CX2), where X is either Al or Ga.
However, attempts to synthesize C12G7 through solid state methods has only resulted in
formation of the C5G3 phase [3]. It has previously been identified that the C5A3 phase forms
through decomposition kinetics of C12A7 [4], indicating that the C12G7 phase is nonthermodynamically favorable at the high synthesis temperatures required for conventional
solid state reactions. To date no reports in the literature have been found using wet chemistry
techniques to form this C12G7. The phase would share the same unique cage-like crystal
structure of C12A7 and could potentially possess useful optical and electronic properties when
further processed.

1.1 C12A7
Ca12Al14O33, also known as C12A7 or mayenite, is naturally occurring and has been
historically of interest as a component of Portland cement. The constituent elements, oxygen,
aluminum, and calcium, are some of the most common in the earth’s crust, 46.6%, 8.1%, and
3.6%, respectively and starting components (CaCO3 and Al2O3) are inexpensive, in part due to
their abundance. C12A7 possesses a unique crystal structure consisting of interconnected cages
that can store negatively charged species. This gives rise to interesting optical and electronic
properties that have made the material a subject of research since the 90s.
1.1.1 Structure
C12A7 belongs to the 𝐼4̅3𝑑 space group with Ca on the 24d Wyckoff position, Al on the
12b and 16c, and O on the 12a, 16c, and 48e [5]. The cubic unit cell, shown in Figure 3, contains
two Ca12Al14O33 formula units resulting in a total of 118 atoms per cell, and has a lattice
parameter of a = 11.98 Å [5]. The Ca-Al-O framework is positively charged and consists of 116
1

Figure 1 - Phase diagram of the CaO-Al2O3 system in a humid atmosphere. C12A7 is not stable in dry atmospheres and does
not appear on phase diagrams representing the dry CaO-Al2O3 system. [1]

2

Figure 2 - Phase diagram of the CaO-Ga2O3 system. [2]

3

Figure 3 - Clinographic projection of a C12A7 unit cell from [010]. A single unit cell contains 12 interconnected cages.
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out of the 118 atoms, and the remaining two O2- atoms are contained in the cages and are free
to migrate through the network. The network consists of interconnected cages that are
approximately 5-6 Å in diameter and two out of every twelve cages is occupied by one of the
free O2- in stoichiometric C12A7. When a cage is occupied, it contracts slightly to accommodate
the charged species in the center. Figure 4 shows both an unoccupied and an occupied cage.
Depending on environmental conditions, the O2- can be exchanged with monovalent species
such as OH-, F-, Cl-, H-, or free electrons [6-10]. The difference in charge can result in higher cage
occupancy and a higher degree of lattice distortion.
1.1.2 Applications
The charged cage structure of C12A7 gives rise to unique electronic and optical
properties. The first property explored was ion conductivity, particularly oxygen mobility
through the structure. C12A7 was considered a new class of anion conductor, as it was the first
non-fluorite related structure capable of conducting oxygen ions [11]. Removing the free
oxygen from the structure by heating in a reducing atmosphere converts the conduction
mechanism in the material from ionic to electronic [12]. Electrons fill the cages to charge
balance the material after O is removed, which makes reduced C12A7 an inorganic electride
[10], [13]. The material has the potential to be optically transparent making it an ideal
candidate for transparent conductive oxide technologies [9], [14]. Doping C12A7 can alter the
optical properties and induce phosphorescence. Substituting Nd and Eu into the structure yields
an indigo phosphor with long afterglow [15]. Other dopants, like Cu, Fe, and Ir, can alter the
electronic properties by distorting the cages and creating new pathways through the material
that change the conduction mechanism from electron hopping to band conduction [16]. Ga has
been successfully substituted into the structure to form Ca12Al13GaO33. However, attempts to
reduce the doped material to an electride caused decomposition into C3A and Ga metal [17].
Full replacement of the Al for Ga may overcome the decomposition issue and lead to a stable
electride. The proposed C12G7 material will have the same crystal structure as C12A7 with a
slightly expanded lattice, as Ga has a larger ionic radius that Al, 49 and 37 pm, respectively [18].
The isostructural compound could yield similar interesting material properties to C12A7.

5

a

b

Figure 4 - Isolated cages from the C12A7 framework. (a) represents a cage occupied by a free O2-. (b) represents an
unoccupied cage. The charged species within the cage attracts the Ca atoms at the top and bottom of the cage causing a
slight contraction when the cage is occupied.
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1.2 C12G7
In 1961, the first successful investigations of the CaO-Ga2O3 system were conducted by
Jeevaratnam and Glasser. The group experimentally mapped out the phase diagram by
synthesizing various compositions using solid state reactions and reported the C3G (Ca3Ga2O6),
CG (CaGa2O4), and CG2 (CaGa4O7) phases [2]. Two decades later Scolis et al. further explored
the system and discovered an additional phase with a composition of C3G2 (Ca3Ga4O9) [19].
Several years later Lucco-Borlera et al. reported the discovery of the C5G3 (Ca5Ga6O14) phase
[20]. The discovery of these phases highlighted the similarities between the CaO-Ga2O3 and
CaO-Al2O3 systems which led researchers to investigate the possibility of a C12G7 phase. Both
solid state reaction and single crystal growth attempts have failed to produce C12G7 and have
instead resulted in the formation of C5G3 [3], [21]. Given the similarity of the CaO-Ga2O3 and
the CaO-Al2O3 phase equilibria end compounds, C5G3 is a possible decomposition product of
the C12G7 phase, so a lower synthesis temperature must be used to create the material. It is
possible that the formation temperature can be lowered using solution-based synthesis
techniques. During solution synthesis, metal ions are homogenously mixed and form an
amorphous product with a uniform mixture of metal atoms. Each atom is surrounded by a
stoichiometric mix of atoms that can rapidly diffuse into the desired phase. These short (<1 nm)
diffusion pathways require less energy than long range diffusion allowing for significantly lower
synthesis temperatures. The research here explores the synthesis of C12G7 using solutionbased synthesis, specifically the polymer steric entrapment method, and provides detailed
structural characterization of the compound and comparisons to C12A7.

7

2 EXPERIMENTAL METHODS
Solution synthesis has not been previously been attempted for C12G7, but similar
systems have been explored in the literature, including the calcium aluminate [22] and
magnesium aluminate systems [23]. The same techniques used for other mixed metal oxides
were applied to the calcium gallate system to synthesize C12G7. The resulting material was
characterized with X-ray and neutron diffraction techniques to study the crystal structure.
Thermogravimetric analysis and high temperature X-ray diffraction were used to better
understand the formation mechanisms of the material.

2.1 SYNTHESIS
The synthesis of mixed metal oxides is typically achieved through solid state reactions.
Oxide powders are mechanically mixed in stoichiometric amounts and pressed into dense
pellets. Pellets then are fire at high temperatures for long periods of time to allow atoms to
diffuse into the desired phase. The high temperatures cause the most thermodynamically
favorable phase to form, rather than a kinetically favorable phase that is stable at lower
temperatures. Some low temperature phases cannot be formed through solid state means, so
another synthesis technique must be used. Solution based synthesis methods rely on creating a
homogenously mixed chemical species that shortens the diffusion path resulting in short firing
times at low temperatures. When metal ions are dissolved in a solution, they are randomly
distributed throughout the solvent. A polymer or gelling agent can be added to the solution and
used to trap the metal ions in place, either through chemical bonding or physical entrapment.
The water can be evaporated away so that only organics and the homogenously mixed metal
atoms remain. When fired, the organics decompose and the metal atoms quickly diffuse into
the desired phase. Figure 5 illustrates the differences between solution based and solid-state
synthesis.
Several solution-based methods have been investigated in the literature for the
synthesis of C12A7. The failure of most sol-gel techniques is that the decomposition kinetics of
the organometallic complexes differ which leads to segregation during processing and a
8

a

b

Figure 5 - Comparison of the phase formation mechanism of (a) solid state synthesis and (b) solution-based synthesis. (a)
occurs on the scale of several μm, while (b) occurs on the atomic scale, <1 nm, allowing for shorter diffusion pathways.
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heterogenous final material [4], [24]. Steric entrapment is a mechanism that overcomes this by
not forming bonds with the metallic species but rather physically separating them with organic
filler. The decomposition of the polymer is uniform leading to a homogenous final product.
In the steric entrapment method, the polar groups of a polyvinyl alcohol (PVA) chains
attract the metal cations in solution and the polymers chains wrap around the cations physically
trapping them, as illustrated in Figure 6 [23-27]. This limits the mobility of the metal ions and
prevents them from precipitating as the solvent evaporates. The length of the polymer chains
and the amount of polymer in solution can have a significant impact on the processing
conditions and final product. Lee et al. synthesized the components of Portland cement using
the PVA method and investigated the impact of degree of polymerization (DP) and PVA:metal
ion ratio [30]. DP is a measure of the length of a polymer chain, calculated by dividing the
weight of an average chain by the weight of a single monomer, and is directly related to the
molecular weight of the polymer. Optimizing chain length improves the efficiency of the
synthesis by cutting down waste of materials and reducing the diffusion path of the metal
cations in the final powder. Figure 7, adapted from Lee et al. [30], shows the difference
between the ideal length and ratio of PVA and a non-ideal case. Figure 7(b) represents a less
homogenous mixture and with too little polymer, compared to Figure 7(a) where the
consistency can be achieved by properly choosing the DP of PVA and using the appropriate ratio
in solution.
The (PVA monomer):(metal ion) ratio is based on the number of valence charges
present in solution. The ratios chosen in [30] were 1:4, 1:8, and 1:12, for an excess of metal ions
to monomer units. Each monomer unit has one negatively charged hydroxyl group associated
with it. Because there is no chemical bonding, the charge of the hydroxyl group is capable of
attracting multiple atoms weakly instead of one atom strongly. The consequence is that there
does not have to be a bonding site for every metal atom and a result there can be far fewer
monomer units than metal ions in solution [30]. In the calcium aluminate system, the ideal
polymer parameters were low DP PVA (40000 g/mol, DP≅900) at a 1:4 (PVA monomer):(metal
ion) ratio. Those conditions yielded the purest C3A (97%) and it could be obtained from 1 h in

10

Figure 6 - Schematic of polymer steric entrapment mechanism. The -OH groups in the polymer become -O- when dissolved in
water which attracts and wraps around the positively charged metal cations in solution.
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a

b

Figure 7 - Schematic of (a) ideal and (b) non-ideal polymer to metal cation ratio and DP. (b) has too little PVA, and chains
that are too long which allows for segregation of atomic species into non-stoichiometric regions.
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the furnace at 1000 °C. Decreasing the ratio of PVA to 1:8 or 1:12 decreased the purity of the
final product, but the phase fraction of C3A always remained above 90% [30].
Nitrate salts are ideal for use in the steric entrapment method because they decompose
and become an oxidizing agent that helps break down the PVA. During the decomposition of
the nitrates, the evolving nitrogen dioxide combines with water to form nitric acid [27]. The
solubility of calcium and aluminum nitrate salts is high in water, so they do not precipitate out
of solution during evaporation. Chlorides and acetates are viable alternatives to nitrates, due to
their ability to readily dissolve in water, however, in might be necessary to add nitric acid to the
solution to aid in decomposition of the polymer.
The decomposition of the PVA varies depending on impurities present in the polymer.
Pure PVA is stable up to 340 °C, but that temperature drops as impurities, like metal ions, are
added [28]. The decomposition occurs partially because of dehydration and depolymerization
during pyrolysis. Dehydration occurs at 240 °C and water is released from the structure [30]. As
the polymer dehydrates, it breaks down into polyenes. Those polyenes decompose into carbons
and hydrocarbons around 450 °C. The carbonaceous residue left by the decomposition of the
polymer oxidizes between 500 and 600 °C [22]. The PVA decomposes uniformly, unlike in other
solution-based synthesis methods, reducing concerns about metal cations segregating prior to
reaching the phase formation temperature.

2.2 TGA
Thermogravimetric analysis (TGA) is a characterization technique that quantifies weight
loss as a function of time and temperature. This is valuable in systems where decomposition
occurs and the net composition of the material changes drastically as temperature is increased.
TGA data provides insight into the temperature at which a polymer decomposes as well as the
rate of weight loss [31]. From this information, a precise firing schedule can be designed to
optimize the decomposition of a polymer. In the polymer assisted synthesis system, this
enables decomposition of organics while maintaining an amorphous metal oxide powder.
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2.3 XRD
X-ray diffraction (XRD) provides atomic structural details of crystalline materials. An
incident beam of X-rays is diffracted by planes of atoms at precise angles depending on
interplanar spacing according to Bragg’s law [32]. The geometry of diffraction is illustrated in
Figure 8. In a powder sample, crystals exist in every orientation allowing for every diffraction
plane, allowable by symmetry in the crystal structure, to be observed at unique positions and
relative intensities. Based on the intensities and positions of diffraction maxima, the atomic
positions and symmetry can be ascertained. Comparison of the powder diffraction pattern with
calculated models allows for determination unit cell lattice parameters, precise atomic
positions, atomic displacement parameters (adp), and site occupancy fractions (sof).

2.4 HTXRD
High temperature x-ray diffraction (HTXRD) is a useful tool for examining how an atomic
structure changes at different temperatures. If a constant ramp rate is used, patterns can be
taken every few degrees Celsius over a narrow °2 range. This provides information about the
kinetics of the phase transitions and captures crystallographic changes as they occur [33]. Other

Figure 8 - Diagram of the geometry of Bragg diffraction. The incident beam striking Plane 2 of atoms travels distance ABC
further than the beam striking Plane 1. This difference in distance causes a slight phase shift in the diffracted beam, which
can either yield constructive or destructing interference. An intensity maximum will be measured at an angle that obeys λ =
2dsin(θ), where λ is the wavelength of the beam, d is the interplanar spacing, and θ is the angle of diffraction.
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methods are slower and could miss phases that are only stable over a small temperature range
or are intermediate metastable phases. This is particularly useful for wet chemical synthesis of
materials, as diffusion pathways are extremely short and phases can form quickly at low
temperatures.
Data from HTXRD is presented in intensity heat maps. All patterns from the experiment
are stacked according to increasing temperature with °2 on the x-axis and temperature on the
y-axis. Intensity is on the z-axis and is colored to indicate the magnitude. Figure 9 shows this
plot with all axes visible. A top down view of the same plot is shown in Figure 10. This type of
plot is useful for seeing how phase transitions occur, as the brightly colored lines disappear and
are replaced with new peaks as the crystal structure changes during heating. Thermal
expansion can also be seen by the peak shifting as a function of temperature.

2.5 NEUTRON DIFFRACTION
Neutron powder diffraction provides similar structural information as X-ray powder
diffraction. Both methods rely on Bragg scattering of an incident beam off the ordered crystal
structure. However, X-rays are electromagnetic radiation and are scattered by electrons i.e.
heavy elements with many electrons scatter well, and light atoms, including H and O, scatter
relatively poorly. Neutrons are neutrally charged and rely on nuclear interactions to diffract.
Neutron diffraction can complement XRD and provide more information about the positions of
light elements that are difficult to resolve with X-rays. A comparison of the scattering cross
sections of the elements in C12G7 for both neutrons and X-rays is shown in Figure 11. [34]
The neutron source used in this experiment is not monochromatic, meaning that the
particles have a wide range of velocities and wavelengths. Neutrons are sent to the sample in
short bursts and the time for each neutron to travel down the beamline and diffract into a
detector is measured to calculate the effective wavelength. Because the wavelength varies,
each neutron will have a different angle of diffraction for a given atomic plane. Data is plotted
as counts vs calculated d-spacing based on the time-of-flight (TOF) data, rather than as counts
vs angle.
15

Figure 9 - Plot of high temperature XRD data. Temperature is plotted on the y-axis, diffraction angle on the x, and intensity
on the z.
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Figure 10 - Top-down view of the plot in Figure 9.
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Figure 11 - Comparison of scattering cross section for the components of C12A7 and C12G7 for both X-rays and neutrons.
The cross sections are normalized so that the Ga cross sections are equal for both neutrons and X-rays
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3 EXPERIMENTAL DETAILS
C12G7 synthesis was attempted using the steric entrapment method. Prior work on
synthesis of C12A7 using a PVA steric entrapment route was used as a guideline for synthesis
[35]. The resulting powder was processed via several methods to prepare it for
characterization. Thermogravimetric analysis was used to understand the decomposition of the
polymer and set an ideal firing schedule for the removal of organics. The crystal structure of the
material was characterized through ambient X-ray diffraction, high temperature X-ray
diffraction, and neutron diffraction.

3.1 SYNTHESIS
The polymer steric entrapment method was employed utilizing poly vinyl alcohol (PVA)
following the procedure outlined in Figure 12. The 88% hydrolyzed PVA (Arcos Organics), with
molecular weight between 20000 and 30000 g/mol, was dissolved in deionized water and
allowed to stir for 1 h. Ca(NO3)2⋅4H2O (ACS Grade, Fisher Chemical) and GaCl3 (99.99+%, Arcos
Organics) were dissolved separately into deionized water. The concentration of the solutions
was characterized through gravimetric titration. For synthesis, stoichiometric amounts of
Ca(NO3)2 and GaCl3 solutions were added to the PVA solution and allowed to stir for 1 h prior to
heating. A 1:4 ratio of PVA monomer units to total charge of metal cations was used as
previously identified as the ideal amount for C12A7 [35]. Nitric acid was added to the solution
to bring the number of mols of NO3- equal to the mols of charge units in solution. The solution
was heated on a 300 °C hotplate until most of solvent evaporated and the solution became
viscous. The viscous liquid was placed in a 120 °C drying oven for 12 h and dried to a light foam;
foaming occurs due to the evaporation of nitrate and chloride species. Images from the
evaporation process are shown in Figure 13. The foam was ground to a fine powder in an agate
mortar and pestle and pressed into a pellet before firing at 1200 °C for 2 h for initial phase
identification. After the structure was verified, a second batch was synthesized using the same
technique for a high temperature x-ray diffraction (HTXRD) study. This powder was calcined to
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Figure 12 - Flow chart of synthesis procedure. The pellet is first calcined at a low temperature to remove organics, then
reground and fired at a higher temperature to for the final phase.
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Figure 13 - Images capturing the evaporation process. Water evaporates and the solution progressively becomes more
concentrated and viscous. Nitrates start decomposing when most of the water is gone, and the solution off-gasses orange
NO2. After moving to a drying oven, the viscous solution dries to a light foam, which can easily be broken apart and ground
to a powder.
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600 °C and immediately quenched to decompose the organics to allow for clean processing in
the high temperature XRD environmental chamber. The resulting calcined powder was pressed
into 13 mm pellet for HTXRD data collection. Based on the HTXRD data, additional C12G7
samples were synthesized and fired at the optimal temperature for single phase formation, 800
°C for 1h. Higher resolution room temperature x-ray diffraction and neutron diffraction data, at
the Nanoscale Ordered Materials Diffractometer (NOMAD) beamline at the Spallation Neutron
Source (SNS), were collected on the single phase material.

3.2 TGA
TGA was performed on the dried polymer powder using a TA Instruments Q50 TGA. The
sample was heated at a constant rate of 10 °C/min from 25 to 650 °C. Mass loss was recorded
as a function of temperature.

3.3 XRD
XRD data, on the sample fired at 1200 °C for 2 h, were collected from 10-80° 2 on a
Malvern PANalytical Empyrean diffractometer with a Cu radiation (CuK  = 1.5406 Å) source
operating with an accelerating voltage of 45 kV and current of 40 mA. The incident beam shape
and direction were controlled using 0.02 radian soller slits, a fixed 1/2° anti-scatter slit, and a
1/4° divergence slit. Similarly, 0.02 soller slits were used on the diffracted beam in addition to a
1/4° anti-scatter slit to control beam direction and size. A beta nickel filter was placed in the
beam path to reduce signal from CuK radiation. A PIXcel3D-Medipix3 1x1 detector scanning
area detector with 255 active channels was used to count the diffracted x-rays.
Once near single-phase material that was optimally synthesized, XRD data was collected
from 15-120 °2 in high spatial resolution mode to allow for refinement on the structural
details. Data was collected the same Malvern PANalytical Empyrean diffractometer with the
same radiation source. Smaller optics were used on the incident and diffracted beam paths to
improve peak resolution. Peak shape was controlled using 0.02 radian soller slits, a fixed 1/4 °
anti-scatter slit, and a 1/8 ° divergence slit. 0.02 soller slits were used on the diffracted beam
side in addition to a 1/8 ° anti scatter slit to control beam direction and size. A nickel filter was
22

placed in the beam path to reduce signal from Cu K radiation. A PIXcel3D-Medipix3 1x1
detector scanning area detector with 255 active channels was used to count the diffracted Xrays.
Highscore Plus software and the ICDD PDF4+ database were used for phase
identification by comparing the measured patterns with published diffraction patterns. The
chemistry of the compound was used to narrow the search and peak positions and intensities
were compared to identify unknown phases.
Diffraction patterns were calculated with the Rietveld method using GSAS-II [36] with
initial C12A7 structural models proposed by Bartl and Scheller [32] and Boysen et al. The
calculated diffraction patterns are compared to experimental data and variables, including the
atomic coordinates and lattice parameter, are refined using a multi-variable least squares
analysis to better match the calculated diffraction pattern to the observed data.

3.4 HTXRD
For high temperature X-ray diffraction characterization of the pre-calcined pellet, the
sample was contained in an Anton Paar HTK 1200N high temperature environmental sample
stage. The environmental stage houses a furnace that uniformly heats the sample, and the
thermocouple is integrated with the sample holder, close to the sample, to allow for accurate
measurement of the sample temperature. A PIXcel3D area detector with 255 active channels
with ~ 3° 2 of coverage was used for rapid non-ambient data collection. The sample was
heated at 5 °C/min up to 800 °C, then the rate was slowed to 1.5 °C/min as the sample was
heated to 1000 °C. Data were collected in the region from 25 to 36.5 °2  with a .0131° step size
and 13.77 s counting time, which made each scan approximately 1.5 min allowing for phase
transitions to be detected as they occur. The range of 25 to 36.5 °2 was selected because it
contains major peaks related to the C12G7 phase, as well as 100% peaks for possible secondary
phases including Ga2O3, C5G3, CG, CG2, and C3G2 and a primary peak for CaO. A longer data
collection range, from 15-80 °2 , was used at 1000 °C to determine the full diffraction pattern
and evaluate the evolved phases.
23

3.5 NEUTRON DIFFRACTION
Powder neutron diffraction data were collected on the Nanoscale Ordered Materials
Diffractometer (NOMAD) beamline [37] of the Spallation Neutron Source (SNS) at Oak Ridge
National Laboratory (ORNL). About 1.5 g of near single-phase sample was contained in a 6 mm
V sample canister. NOMAD’s detectors were calibrated using silicon and diamond to generate
the starting instrument parameter file for the Rietveld refinements using GSAS II.
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4 RESULTS AND DISCUSSION
Characterization of the synthesized material is presented below. TGA data is plotted as
weight loss vs time, and XRD data is plotted as intensity vs angle of diffraction. XRD plots are
sometimes overlaid with the calculated XRD pattern generated from the resulting variables that
have been refined and a difference pattern to allow for better comparison between the
observed data and the X-ray diffraction pattern calculated from the refined crystal structure.
Quality of the refinement is quantified by the statistical agreement (R) Factors and Goodness of
Fit (GOF) and the observed graphical fit between the calculated and observed patterns. R
Factors are reported as both wR and wRmin, which represent the weighted least squares
residual and minimum possible weighted residual, respectively. The quality of the experimental
data and number of data points control wRmin. GOF is a measure of how close wR is to wRmin,
and a value of GOF=1-1.5 indicates an acceptable fit. Other details of the refinement, including
atomic positions and displacement parameters, are summarized in tables. Neutron diffraction
data is plotted as intensity vs d-spacing, and the refinement results are similarly reported.

4.1 TGA
Thermogravimetric analysis of the C12G7 PVA powder, shown in Figure 14, displays
three decomposition stages during the heating. The first stage, from 25 to approximately 425
°C, shows the evaporation of residual H2O and other volatiles remaining in the sample. When
PVA is heated, polymer condensation reactions occur releasing structurally trapped water and
causing polyenes to form [12]. Additional weight loss is due to the decomposition of the newly
formed polyenes. The sharp drop in mass above 425 °C is likely caused by the oxidation of
carbonaceous residue left by polymer decomposition into gaseous species [12]. The sample
experiences no further weight loss above 450 °C indicating that the remaining components in
the sample are inorganic. The decomposition follows a relatively constant slope, indicating that
decomposition is uniform as temperature increases. This is ideal for preventing segregation of
species within the sample during calcination. 500-600 °C is the optimal temperature for
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Figure 14 - TGA showing the decomposition of the organics to inorganic matter from the unfired sample.
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calcination to ensure that all organics decompose. The sample experienced a total weight loss
of 35% making this a high yield solution-based synthesis method.

4.2 STRUCTURAL CHARACTERIZATION
X-ray diffraction data suggests a compound, isostructural with C12A7 with full
substitution of Ga for Al, was formed during the material synthesis. Diffraction patterns and
structural details are presented below.
4.2.1 Initial RTXRD Phase Identification
The initial C12G7 synthesis using the PVA steric entrapment method and firing at 1200
°C for 2 h yielded the observed XRD pattern shown in Figure 15. Comparison of the primary
peaks, marked with orange, with an XRD pattern calculated from the structure of C12A7 [38],
Figure 16, reveals similarities between the phases. C12G7 has the similar peak spacing and
intensity, with all peaks shifted to lower °2 suggesting that C12G7 is isostructural with C12A7
but with a larger lattice parameter due to the larger Ga atoms in the lattice. A minor secondary
phase, identified as C5G3, is visible in the pattern and a preliminary refinement of the phases
using the Bartl and Scheller C12A7 model [38] and the Merinov et. al. C5G3 model [39]
confirmed the structure of C12G7 and showed that 9.3 wt% of the sample was C5G3. C12G7 is
likely not stable at high temperatures and started decomposing to C5G3 while held at 1200 °C.
HTXRD was used to understand the temperature dependence of the phase transitions so that a
single-phase sample could be generated for more detailed structural analysis.
4.2.2 HTXRD
In situ high temperature X-ray diffraction of a calcined pellet was used to observe the
C12G7 phase formation as a function of temperature. An intensity heat map of the scans is
shown in Figure 17, five distinct phase regions are identified and divided by white lines and
labeled. Representative patterns from each region are shown in Figure 18 with phase markers
indicating the structure associated with each peak.
Region 1 contains no peaks which indicates that the sample is amorphous up to
approximately 300 oC. After calcination, the organics have been removed and a structureless
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Figure 15 - Observed XRD data from the sample fired at 1200 oC for 2 h. Peaks that belong to the C12G7 phase are marked
with orange, and C5G3 peaks are marked with black. The inset shows the highest intensity peaks for the C5G3 phase.

28

Figure 16 - Calculated diffraction pattern of C12A7.
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Figure 17 - Intensity color map of the HTXRD data from the pellet calcined at 600 °C. The orange dashes mark the C12G7
phase and the green dashes mark the CaO peak.
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Figure 18 - Representative X-ray powder diffraction data from selected temperature regions of the HTXRD experiment.
Region 1 is amorphous. Region 2 has two peaks belonging to an unidentified secondary phase. Region 3 shows the C12G7
phase and faint peaks from the CG2 phase. Region 4 is pure C12G7. Region 5 contains both C12G7 and a small amount of
CaO.
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mix of metal and oxygen atoms remains. Heating the sample above 300 oC causes an
unidentified phase to form with peaks at 28.9 and 31.2 °2 The sample had previously been
heated to 600 °C during calcination of the organics, so this phase formation is likely an
atmospheric response of the amorphous Ca and Ga species. In an attempt to identify the phase
that forms in Region 2 data were collected between 10-80 °2, shown in Figure 19, revealing
additional peaks associated with the phase. The green tick marks are associated with the calcite
polymorph of CaCO3 and could potentially represent one phase in a multiphase mixture. The
carbon associated with the calcite phase, if present, could occur from residue from the
decomposed organics that did not have an opportunity to leave the sample due to the short
calcination time. The large amorphous content is likely the remining Ca and Ga species. Despite
attempts using the Highscore Plus software and the ICDD PDF4+ database, using a wide
chemistry search, the peaks unlabeled remain unidentified and could be either a secondary
phase with CaCO3 or another compound, or a single phase of an unidentified or unknown
compound.
At approximately 650 °C the phase present in Region 2 is replaced by peaks that suggest
a compound isostructural to the C12A7 structure with Ga substituted on the Al sites. This is a
significant decrease in formation temperature from C12A7 which was observed to form at
approximately 860 °C [4]. A faint secondary phase corresponding to CG2 (CaGa4O7) is present in
Region 3 between 650 and 750 °C and disappears above 750 °C. The presence of this Ga rich
phase could be due to a non-equilibrium assemblage that forms due to the high heating rate.
Region 4 contains single phase C12G7. The sample remains single phase between 750 –
975 °C. The C12G7 peaks get sharper and more intense at higher temperatures, consistent with
phase formation and crystallite growth. The Scherrer equation, Eq.1, predicts this behavior and
shows that as crystallite size (τ) increases broadening (β) must decrease, since shape factor (K),
wavelength (λ), and angle (θ) stay constant.
Eq 1.

𝜏=

𝐾𝜆
𝛽 cos 𝜃
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Figure 19 - Observed XRD pattern from 10-80 °2 of the unidentified peaks in Region 2 at 400 °C. The peaks marked with
green potentially correspond to calcite.
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A new peak at 31.5° 2 appeared at 975 °C, and the larger data collection range at 1000
oC,

Figure 20, confirmed that the peak corresponds to CaO. Preliminary refinement using the

Boysen et al. model [5] revealed the maximum phase fraction of CaO was 16.2(2) wt%. This
secondary phase indicates that the sample is Ca rich. This could be caused by inaccuracy of the
gravimetric titration or improper pipetting of the solutions during the synthesis.
4.2.3 High Resolution XRD
For structural characterization a near single-phase sample was synthesized using the
PVA steric entrapment method and firing at 800 °C for 1 h. The resulting diffraction pattern is
shown in Figure 21. Two refinements using different crystallographic models were attempted
and the calculated and difference patterns are plotted with the data.
The starting atomic structural model for Ca12Ga14O33 was based on the Ca12Al14O33
structure. There are two slightly different atomic structures reported by Bartl and Scheller [38],
determined from single crystal X-ray diffraction data, and H. Boysen et al. [5] determined from
neutron powder diffraction data. Both structures crystallized in the cubic crystal system, space
group 𝐼4̅3𝑑 (space group number 220) and with an a lattice parameter of close to 12 Å. The
structure by Boysen et al. differed from the structure by Bartl and Scheller by having two
partially occupied Ca positions on 24d sites as opposed to one fully occupied Ca 24d site.
Another difference between the two reported structures is that Bartl and Scheller placed the
caged O on a 24d site (x, 0, 1/4 or specifically 0.337, 0, 1/4) with a corresponding site
occupancy of 0.083 for filling approximately two of the 12 cages/unit cell. Boysen et al. working
with neutron powder diffraction data, which is more sensitive to the O atoms (the bound
coherent neutron scattering lengths for Ca, Al, and O are 4.70, 3.449, and 5.803 fm, respectively
[40]) moved the caged O from 0.337 to 0.375 or the 12a site (3/8, 0, 1/4) with a
correspondingly higher site occupancy of 0.15 for filling approximately two of the 12 cages/unit
cell.
When using the structure by Boysen et al. [5] and changing the Al atom to a Ga atom it
was impossible to refine on the atomic displacement parameter (adp) for the O atom in the
cage center without the isotropic atomic displacement parameter (Uiso) going negative.
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Figure 20 - Observed XRD pattern from 10-80 °2 of the C12G7 sample in Region 5 at 1000 °C. The secondary phase is CaO.
The black crosses mark the observed data, the green line represents the calculated pattern, and the blue line shows the
difference between the calculated and observed data.

35

Figure 21 - (a) XRD data overlaid with the refinement based on the Boysen structure. The orange dashes mark the C12G7
peaks.
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Figure 21 Continued - (b) XRD data overlaid with the refinement based on the Bartl structure.
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Figure 21 Continued - (c) XRD data overlaid with the refinement based on the Bartl structure with the secondary phase
included. The orange dashes mark the C12G7 peaks, and the purple dashes mark the CG2 phase.
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However, if the adp’s for all three oxygens in the structure were constrained together, a
positive Uiso was obtained, but it was impossible to refine on the site occupancy factor of the
caged oxygen and obtain a physically reasonable result. When the site occupancy factor was
fixed at 1/6 and the Uiso’s of the three oxygens constrained together, plausible results were
obtained, however, there were intensity mismatches for several of the peaks including the
(211), (400), (420), and (422) as shown in Figure 21a. For the data collected wRmin = 10.39%
and the resulting agreement factor for the refinement is wR = 18.54% for a goodness of fit
(GOF) of 1.79. When using the structure proposed by Bartl and Scheller [38] and changing the
Al to a Ga atom it was possible to refine on the adp’s of the oxygen atoms separately and the
site occupancy factor of the caged oxygen. The intensity differences, between the calculated
XRD pattern and the observed data, for the reflections discussed above were smaller, as shown
in Figure 21b, and a better overall structural model is supported by the resulting smaller wR =
14.94% and the GOF = 1.44. Upon close examination there were a few additional weak peaks
but these were accounted for by adding a small amount of CaGa4O7 [41] as a secondary phase,
shown in Figure 21c, resulting in a wR = 13.75% and GOF = 1.33. Refinement details and refined
atomic parameters are given in Tables 1 and 2, respectively.
The lattice parameter of C12G7 refined using the Rietveld method was determine to be
12.2991(3) Å, which is approximately 2.5% larger than the 11.9930(6) Å of C12A7 [35]. This
corresponds to a similar 2.7% expansion of the cage diameter from 5.62 Å for C12A7 to 5.77 Å
for C12G7.
4.2.4 Neutron Diffraction
Four detector banks of time-of-flight neutron powder diffraction data, collected at room
temperature, were analyzed using the Rietveld method and the GSAS II software package [36].
The data show an elevated background, approximately four times that of the background of the
data collected on the Si Standard Reference Material (SRM) (NIST Si 640 E), suggesting
hydrogen is present in the sample due to the large incoherent neutron scattering cross section
(80.26 barn) [40]. Both the Bartl and Scheller [38] and Boysen et al. [5] crystallographic models
were used to determine which structural model provided a better fit to the data. Consistent
with the XRD refinements, the Bartl and Scheller crystallographic structural model [38] was
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Table 1: Details of X-ray powder diffraction data collection and refinement.
Powder diffraction data collection:
Wavelength, Å
Scan range (degree 2)
Temperature, K
Refinement:
wR
Rmin
GOF
Software
Refined Parameters
Background
Instrument
Sample
Ca12Ga14O33
Phase fraction wt%
Refined Varables:
Lattice parameters
Atomic positions
Uiso
Site occupancy factors
Crystal Data for Ca12Ga14O33
Color
Crystal System
Space Group
a, Å
Volume, Å3
Z
Refined Formula / Expected
Refined Formula weight / Expected
Calculated Density, g/cm3
*esd given in 3

1.540562
15 < 2 < 120
298  2

13.75%
10.39%
1.33
GSAS II
28
3, Chebyschev
3, U,V, and W
2, Scale and Sample Surface Displacement
98.1(2) balance CaGa4O7
1, Ca12Ga14O33, a
4, CaGa4O7, a, b, c, and 
7
6
1
White
Cubic
𝐼4̅3𝑑
12.2993(3)*
1860.53(5)
2
Ca12Ga14O40 / Ca12Ga14O33
2097 / 1985
3.74 / 3.54
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Table 2: Summary of atomic parameters based on the refined Bartl and Scheller model [38].
Atom
Ca
Ga
Ga
O (framework)
O (framework)
O (caged)

x
0
0.0180(1)
-1/8
0.1541(5)
-0.0611(7)
0.3(7)

y
¼
0.0180(1)
0
-0.0356(6)
-0.0611(7)
0

z
0.1402(3)
0.0180(1)
¼
0.0661(6)
-0.0611(7)
¼

esds in ( )
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Occupancy
1.0
1.0
1.0
1.0
1.0
0.62(1)

Uiso
0.023(1)
0.0231(8)
0.023(1)
0.029(3)
0.038(6)
0.11(1)

slightly preferred (wR = 6.23% and GOF = 7.14 refining on 37 variables) over the crystallographic
structural model by Boysen et al. [5] (wR = 6.77% and GOF = 7.76 refining on 38 variables). The
calculated patterns from the Bartl and Scheller model are overlaid with the collected data for
each bank in Figure 22 to show the quality of the fits. Due to neutron powder diffraction
providing more sensitivity to the oxygen atoms compared to XRD, it was anticipated that
additional information about the caged oxygen would be determined. However, using the
Bartl and Scheller model [38] the site occupancy fraction of the caged oxygen refined to
0.578(6), only slightly lower than that determined by XRD (0.62(1)), and still high compared to
0.167 if one out of every six cages are occupied. Manually changing the site occupancy of the
caged oxygen atom to zero has a significant impact on several of the peaks in the neutron
powder diffraction pattern, shown in Figure 23, indicating a different species may be present in
the cage. Using generated nuclear density difference maps, small areas of negative nuclear
density can be seen. This supports the observation that the compound contains some hydrogen
since the bound coherent scattering of naturally occurring hydrogen is -3.7390 fm. Future work
is needed to determine and refine on the hydrogen position(s) and to apply atomic pair
distribution function (pdf) analysis to better understand the nanoscale structural features of
the compound. The data show a few, small, unexplained peaks (marked in Figure 22),
suggesting a secondary phase is also present but it is difficult to determine this definitely until
the hydrogen atoms within the molecule are accounted for. Further work with this data will
reveal more information about the species present in the C12G7 cages.
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Figure 22 - Neutron diffraction data and refinement results using the Bartl and Scheller model for each bank of data. The
orange dashes mark peaks associated with a secondary phase. (a) is from Bank 2 of NOMAD, (b) is from Bank 3, (c) is from
Bank 4, and (d) is from Bank 5.
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Figure 23 - Comparison of calculated diffraction patterns for Bank 2 with (a) a fraction cage occupancy of 0.58 (b) empty
cages. The peaks are well fit by the high occupancy and decreasing cage occupancy significantly impacts the quality of
several peaks.
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5 CONCLUSION
C12G7 was successfully synthesized using a polymer steric entrapment method. Two
existing structural models of C12A7 were used to fit the data and refine on structural
parameters. The Bartl and Scheller [38] model appears to be a better fit for the C12G7
structure. The lattice parameter of C12G7 was refined using the Rietveld method and
determine to be 12.2991(3) Å, which is approximately 2.5% larger than the 11.9930(6) Å of
C12A7 [35]. Neutron diffraction data supported the selection of this model and opens a
pathway for future investigation of the occluded ions within the cages. HTXRD showed a
formation temperature of 650 °C, which is significantly lower than typical solid-state synthesis
temperatures or that observed in PVA synthesis of C12A7. Several intermediate phases
appeared during the phase formation, and it was determined that single phase C12G7 can be
synthesized using solution-based methods and firing at 800 °C. With the verification of a fully
exchanged Al to Ga system, further investigations to form the electride structure will be
performed to evaluate the changes in electrical properties. Further characterization of ionic
mobility should be explored to evaluate the changes in interaction between occluded species
and framework cations.
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